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ABSTRACT

Thisreport examines subsonic flight—measured lift and drag characteristics of seven lifting-body and
wing-body reentry vehicle configurations with truncated bases. The seven vehicles are the full-scale
M2-F1, M2-F2, HL-10, X-24A, X-24B, and X-15 vehicles and the Space Shuttle Enterprise. Subsonic
flight lift and drag data of the various vehicles are assembled under aerodynamic performance parameters
and presented in several analytical and graphical formats. These formats are intended to unify the data
and allow a greater understanding than individually studying the vehicles allows. Lift-curve slope data
are studied with respect to aspect ratio and related to generic wind-tunnel model data and to theory for
low-aspect-ratio planforms. The definition of reference areais critical for understanding and comparing
the lift data. The drag components studied include minimum drag coefficient, lift-related drag, maximum
lift-to-drag ratio, and, where available, base pressure coefficients. The influence of forebody drag on
afterbody and base drag at low lift is shown to be related to Hoerner’s compilation for body, airfoil,
nacelle, and canopy drag. This feature might result in a reduced need of surface smoothness for vehicles
with alarge ratio of base area to wetted area. These analyses are intended to provide a useful analytical
framework with which to compare and evaluate new vehicle configurations of the same generic family.

NOMENCLATURE
a, longitudinal acceleration, g
a, normal acceleration, g
A aspect ratio, A = b2/ S
A, base area, ft2
A, maximum projected cross-sectional area, ft?
A, wetted area, ft
b span, ft
C base pressure profile factor, ¢ = CDb/CDb*
cf compressibility factor
cl4 quarter chord of wing
Cp drag coefficient, C = D/qS
Cp' drag coefficient based on reference area S
CDb base drag coefficient, using derived base pressure profile (reference areais A for

equations (11) and (12); reference areais S for equations (14), (15), and (16))



base drag coefficient, assuming “flat” base pressure profile (reference areais S)
forebody drag coefficient referenced to A

forebody drag coefficient referenced to S

lift-related drag coefficient

minimum drag coefficient at vertex of drag polar (reference area Sfor equation (11))
minimum drag coefficient based on reference area S

zero-lift drag coefficient (when zero-lift drag corresponds to minimum drag)
turbulent boundary-layer skin-friction coefficient (over wetted surfaces)

equivalent skin-friction coefficient (includes all drag components at CDmm)
equivalent skin-friction coefficient of the forebody only

lift coefficient, C, = L/QS

lift coefficient based on reference area S

lift coefficient for minimum drag coefficient

lift-curve slope (with respect to o ), deg™ or rad™!

normal force coefficient for local fuselage station

normal force coefficient of complete vehicle, CNA = N/QS

normal force coefficient of fuselage (reference areais maximum fuselage cross section)
base pressure coefficient, CPb = (Pp—P)/T

estimated base pressure coefficients before adjusting for effects of lower forebody drag
diameter

effective diameter, dg; = [4A /T

drag force along flightpath, 1bf

minimum drag at vertex of drag polar, |bf

equivalent parasite drag area, ft?

«/ 1— (M [osA\)
0.9cosN

2

planform parameter, F = A



g gravitational acceleration
K base pressure factor (numerator coefficient in Hoerner’ s equation for three-dimensional
configurations)

I longitudinal length of avehicle, ft

L lift force normal to the flightpath, 1bf
2
LC lift-curve slope parameter, LC= 10C, “/1_ (M CcosA) (where C| in deg* units)
a cos/\ a
L/D lift-to-drag ratio

(L/D)pax maximum lift-to-drag ratio

M free-stream Mach number

N force normal to vehicle longitudinal axis, Ibf

p ambient pressure, |bf/ft

Py base static pressure, |bf/ft?

Plocal local surface static pressure, |bf/ft?

q free-stream dynamic pressure, Ibf/ft%, g = 0.7pM 2

r local fuselage radius, ft

R maximum fuselage radius, ft

R Reynolds number based on body length

S representative (revised) planform reference area, 2 (for HL-10 and X-24B vehicles,
S=19)

S published reference area requiring revision for the M2-F1, M2-F2, X-24A, and X-15

vehicles and the Space Shuttle Enterprise, ft>

wW vehicle weight, Ib

X distance from fusel age apex to a specific fuselage station, ft
a angle of attack, deg

a” o —(a a C_ = 0),deg
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e, total

Af gear

e, windward

aileron bias, deg (X-24A and X-24B vehicles)

body flap bias, deg (Enterprise)

elevon flap bias, deg (HL-10 vehicle)

lower flap deflection, deg (X-24A and X-24B vehicles)

upper flap deflection, deg (X-24A vehicle)

lower flap bias, deg (X-24A vehicle)

rudder bias, deg (X-24A and X-24B vehicles)

speed-brake surface bias, deg (Enterprise)

upper flap bias, deg (M2-F2 and M2-F3 vehicles)

upper flap bias, deg (X-24A and X-24B vehicles)

wedge angle, deg, dw= |6e|_| + |6U B| or |6eU| + |6LB|

uncertainty or increment of quantity

increment in drag coefficient

increment of drag coefficient caused by extended landing gear
drag-due-to-lift factor

equivalent skin-friction coefficient of the vehicle base for 0° wedge angle
equivalent skin-friction coefficient of the lee side of the body flaps

total equivalent skin-friction coefficient of the body flaps

equivalent skin-friction coefficient of the windward side of the body flaps
increment of parasite drag area caused by extended landing gear

Oswald lifting-efficiency factor

counterclockwise angle from the lower centerline (viewed from the front), deg

wing sweep angle, deg



INTRODUCTION

Renewed interest has been shown in controlled reentry from low-Earth orbit and the Earth’s upper
atmosphere. This interest has been motivated by several factors. a growing commercia space launch
market and its desire for alow-cost, reusable means of space access; the need for a crew return and rescue
vehicle from the International Space Station; and the potential for future military space operations.
Fundamental studies by the NACA" and NASA in the late 1950's and early 1960’ s described three basic
methods of atmospheric reentry: ballistic reentry, winged reentry, and wingless lifting-body reentry. The
ballistic reentry approach necessitates the use of parachutesto land, but the lifting-body and winged-body
approaches provide the possibility of horizontal landings. Flight examples of these latter two approaches
includethe M2-F1, M2-F2, HL-10, X-24A, X-24B, and X-15 vehicles and the Space Shuttle.” Most lifti ng
reentry configurations are attractive because of their crossrange and downrange capability and low-speed
handling qualities. In addition to their volumetric efficiency, wingless lifting bodies benefit from peak
decelerations that are lower than those of ballistic reentry, and peak heating rates that are lower than those
of winged reentry vehicles. Because of the current interest in lifting reentry shapes, this report reexamines
lift and drag characteristics of the seven aforementioned vehicles during subsonic unpowered flight, and
presents a unified analysis of their subsonic aerodynamic performance that enables meaningful
comparisons with future lifting reentry designs.

The vehicles examined in this report; the M2-F1, M2-F2, HL-10, X-24A, X-24B, and X-15 vehicles
and the Space Shuttle Enterprise; comprise a unique class of aircraft. Not only were the vehicles all
lifting reentry shapes, they were all piloted and capable of routine unpowered horizontal landings. Each
of these vehicles also had a truncated afterbody or blunt base, which resulted in base drag being a
significant component of the total vehicle drag. In terms of planform design, all of the aforementioned
vehicles had low aspect ratios, with published values between 0.6 and 2.5. The lift and drag data of the
vehicles presented herein were obtained during subsonic, unpowered, coasting flights performed at
Edwards Air Force Base (California) between 1959 and 1977. The primary organizations involved were
the NASA Dryden Flight Research Center? (Edwards, California) and the Air Force Flight Test Center;
the U. S. Navy was a partner in the X-15 program.

The purpose of this study is to assemble flight-measured lift and drag data from these vehicles under
common aerodynamic performance parameters or metrics (that is, the data from all seven vehicles are
plotted together) in an attempt to unify the results for this class of vehicles. This array of dataisintended
to collectively yield information that might otherwise escape notice if the vehicles were individualy
studied. To accomplish this study, the performance parameters of the subject vehicles have been related,
or exposed, to data formats and standards that are based on theory and concepts that range from several
decades to a century old (for example, the concepts of Jones; Allen and Perkins, Helmbold; Krienes;
Oswald; and ultimately, Prandtl and Lanchester). Works explicitly used are referenced.

"The National Advisory Committee for Aeronautics (NACA) became incorporated into the National Aeronautics and
Space Administration (NASA) in October 1958.

The Space Shuttle Enterprise referenced in this report is a nonorbiting version of a Space Shuttle Orbiter vehicle. The
Space Shuttle Orbiter referenced is the operating space vehicle Columbia. (The Enterprise was launched from a special
modified 747 “carrier” airplane and was used to obtain subsonic performance and handling qualities data during subsequent
coasting flight.)

NASA Dryden was called the NASA Flight Research Center at thetime of the subject flight experimentsfor thefivelifting
bodies and the X-15 vehicle. The center was renamed the NASA Dryden Flight Research Center prior to the Enterprise flights.




The innovative and intuitive concepts cited above were intended for vehicle configurations that are
quite different than the subject vehicles. For example, the relevant Jones work applied to sharp-edged,
low-aspect-ratio wings, Allen’s and Perkins related work addressed high-fineness-ratio bodies of
revolution; and the concepts of the others applied to moderate-, high-, and even infinite-aspect-ratio
wings. Although some of the concepts and standards employed herein were not originally intended to
apply to the subject vehicles, several such theoretical relationships and standards have been used as a
means of organizing and assessing the flight results considered.

This study is ultimately intended to provide a useful database and analytical framework with which to
compare and evaluate the subsonic aerodynamic performance of new vehicle configurations of the same
generic family: low-aspect-ratio lifting reentry shapes with truncated bases. The results can also be used
as a first-order design tool to help airframe designers define the outer mold lines of future related
configurations as well as assess the predictive techniques used in design and devel opment.

HISTORICAL BACKGROUND

At a NACA conference held in March of 1958, manned satellites and methods of reentering the
Earth’ s atmosphere were comprehensively studied (ref. 1). Three different methods of reentry from Earth
orbit were considered and discussed within the first four papers. The three methods were ballistic reentry
(ref. 2), the wingless lifting body (ref. 3), and winged configurations (ref. 4). Reference 3 advocates the
lifting body mainly on the basis that its hypersonic lift-to-drag ratio of approximately 0.5 would provide
amaximum tangential reentry deceleration of approximately 2 g, low enough to allow apilot to intervene
in the control of the vehicle during this portion of the reentry. (For a pure ballistic, nonlifting reentry, the
peak tangential deceleration would be approximately 8 g.)

The first lifting-body concepts included but were not limited to very blunt half-cone shapes (refs. 3
and 5). Those concepts later evolved into cone shapes that had higher fineness ratios (refs. 6-8), and the
capability of achieving conventional (although unpowered) horizontal landings was discussed. Numerous
wind-tunnel tests were performed on models of candidate versions of the half-cone shape and shapes with
flattened bottom surfaces. In 1962, Reed demonstrated unpowered horizontal landings and controllable
flight with a miniature, lightweight, radio-controlled model of an M2 half-cone configuration (ref. 9).
This demonstration was followed by the construction of a lightweight M2 craft large enough to carry a
pilot. This unpowered M2-F1 vehicle demonstrated controllable flight and horizontal landings for a
maximum lift-to-drag ratio of 2.8 for subsonic flight. The M2-F1 lift, drag, and stability and control
characteristics were published in 1965 (refs. 10-11).

A heavier and modified version of the M2 shape was built and began flying in 1966. The resulting lift
and drag data from subsonic flight were published in 1967 (ref. 12). Other lifting-body configurations (all
capable of unpowered horizontal landings) were developed and flight-tested as well. The lift and drag
characteristics from subsonic flights have previously been reported for the HL-10 (ref. 13), X-24A (ref.
14), and X-24B (ref. 15) lifting bodies. More information on the evolution and flight testing of the lifting
bodiesisavailable (refs. 9 and 16-18). Much of the remaining discussion will concern the data contained
in these and related references.

The M2-F1 and subsequent lifting bodies were not the pioneer vehicles for performing unpowered
(“dead-stick”) landings, but they were the first vehicles with very low aspect ratios (less than 1.5) to



routinely land without power. The early rocket-powered research vehicles (the X-1, X-2, and D-558-11
aircraft) were al'so designed for unpowered landings, but they had higher aspect ratios (between 6.0 and
3.6). Later, the X-15 hypersonic research aircraft, which had a published aspect ratio of 2.5 (between
those of the early rocket-powered vehicles and the lifting bodies), made routine dead-stick landings.
Confidence in the X-15 aircraft being able to land unpowered (ref. 19) was based on the successful
experience of the earlier rocket-powered aircraft that had the higher aspect ratios and on a series of
special landing investigations using low-aspect-ratio fighter-type airplanes (ref. 20). This study
investigated subsonic approach and landings at lift-to-drag ratios of 2 to 4 and used extended gear and
speed brakes to increase the drag. Lift and drag data for the X-15 aircraft have previously been published
(refs. 19 and 21).

Despite the success of the X-15 unpowered landing experience, the early planning for the Space
Shuttle considered “pop-out” auxiliary engines to ensure safe horizontal landings. Thompson, an X-15
and lifting-body research pilot, argued that the X-15 and lifting-body experience rendered landing
engines for the Space Shuttle as an unnecessary weight and payload penalty (ref. 22). The Space Shuttle
ultimately was designed to make unpowered landings, and thus became the heaviest of the reentry-type
vehicles to use routine dead-stick landings. (The Enterprise was 120 times the weight of the M2-F1
vehicle.) The low-speed lift and drag characteristics of the Enterprise have previously been published
(ref. 23). Results have been reported for the Enterprise with and without a tailcone (ref. 23). Only the
truncated configuration—that is, without a tailcone—is subjected to the same tools of analysis that are
used on the other six vehicles. Only dlight use is made of results from the Enterprise with the tailcone
attached. Those data are used when they help explain a concept or reveal a finding that merits
documentation.

Currently, new lifting reentry vehicles are being developed for rescue missions from space and to
serve as reusable launch vehicles. These vehicles have much in common with the lifting bodies described
herein and, if aspect ratio is somewhat increased, with the X-15 aircraft and the Enterprise. This report
presents the subsonic lift and drag characteristics of the M2-F1, M2-F2, HL-10, X-24A, X-24B, and X-15
vehicles and the Space Shuttle Enterprise under unifying performance parameters and formats, with the
intent of aiding the definition of exterior mold lines of future candidate reentry vehicles that perform
horizontal landings.

As was mentioned in the “Introduction” section, some of the unifying metrics depend on borrowed
concepts and standards that are several decades old and were originally intended for application on
winged vehicles of high or moderate aspect ratio. The authors acknowledge that some readers may
disagree with how the borrowed concepts and standards are applied herein. The formats, concepts, and
standards that have been used, and the information that may be derived therefrom, are offered as a
beginning in the quest for understanding the general nature of lift and drag for this unique class of
vehicles. This“beginning” could not have occurred but for the seven flight research programs addressed
herein and the dedicated technical personnel who processed, analyzed, and carefully documented the lift
and drag data. The present authors are indebted to these earlier investigators for their attention to detail
and comprehensive reporting.



The following information is included for the purpose of orientation and perspective.

Earliest flight: June 8, 1959 X-15 vehicle
Last flight: October 26, 1977 Enterprise
Most number of flights: 199 X-15 vehicle
Least number of flights: 5 Enterprise
Lightest vehicle: 1250 1b M2-F1 lifting body
Heaviest vehicle: 150,900 Ib Enterprise

The seven vehicles completed a combined total of 424 flights. Data from 6 to 7 percent of those
flights were used for this report.

METHODS OF ANALYSIS

This section assembles methods and metrics (performance parameters) used in the analysis of the
subject lift and drag data. The primary metrics of aerodynamic performance include lift-curve dope; a
modified Oswald lifting-efficiency factor; the drag-due-to-lift factor; maximum lift-to-drag ratio; and for
minimum drag analysis, equivalent parasite drag area, equivalent skin-friction coefficient, base pressure
coefficient, base drag coefficient, and forebody drag coefficient.

Lift-Curve Slope

Trimmed lift-curve slope data for the subject vehicles are related to potential flow standards for
finite-span wings. The most exact theoretical solution for unswept, rectangular wings at incompressible
conditions is considered to be that derived by Krienes (ref. 24). Krienes' relationship for lift-curve slope,
C'-q’ and aspect ratio, A, is well-represented by the following relittionship from Helmbold (ref. 25) as
expressed by Polhamus (ref. 26), where C, isrepresentedin rad

a

CL = L (1)

A%+ 4+2
As A approaches infinity, C, approaches 2m. At the lowest aspect ratios (A<1.0), equation (1)
a
merges with the linear relationship of Jones (ref. 27):

a

TA
> )

Equations (1) and (2) represent lift caused by circulation. Neither of these relationships account for
leading-edge vortex lift, such asis developed by highly-swept deltawings (ref. 28), nor lift generated by

vortices resulting from crossflow over the forebody (refs. 29-31). The relationships represented by
eguations (1) and (2) are each oblivious to the effects of trim. Although all seven vehicles violate the



limitations of equations (1) and (2), as generally does any aircraft during trimmed conditions, these
equations are considered to be rational standards for evaluating the relative lifting capability of the
subject configurations. The slopes for the lift curves of the present study were obtained over the lift
coefficient range extending from the lowest lift coefficient achieved for a given maneuver to a lift
coefficient somewhat greater than that required to obtain maximum lift-to-drag ratio.

Lift-Related Drag

The metrics used to evaluate the lift-related drag of the subject vehicles are the drag-due-to-lift factor,
ACD/ACLZ; and the Oswald lifting-efficiency factor, € (ref. 32), which is a measure of the span-wise
distribution of lift. Equations (3)—5) show how these metrics are related. Reference 31 and other sources
indicate that for wing-body combinations flying at subsonic Mach numbers, the total vehicle drag
coefficient may be expressed as

= +
Cp = Cp *+Cp (3)
where
N A——CLZ 4
D = Tae 'O A% T Tac “)

Equation (4) defines the lift-related drag coefficient when the minimum drag occurs at zero lift. Thus, the
Oswald lifting efficiency factor is defined as
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Although these definitions of lift-related drag and lifting efficiency were originally intended to apply
to vehicles having high to modest aspect ratios (for example, A= 4), the authors are borrowing these
metrics for use on configurations of very low aspect ratio. Lift-related drag for winged configurations can
be dependent on several geometric factors such as span, taper ratio, sweep, wing twist, fuselage effects,
longitudinal control deflections for trim, and other configuration variables. A detailed accounting of all of
these variables when they are present would require a more complex equation for the lift-related drag
coefficient, C, . Because of the relative simplicity of the subject vehicles, however, where many of the
above noted varliable£ are absent, equations (4) and (5) will be used for the two subject vehicles that have
lift-drag polars where minimum drag coefficient occurred at zero lift.

For the remaining configurations studied herein, minimum drag coefficient did not occur at zero
lift—that is, the vertex of the nearly parabolic curve occurred at a positive value of lift coefficient. For
these lift-drag polars, the Oswald factor is modified as proposed by Wendt (ref. 33) asfollows:
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€

In this modified form of Oswald's efficiency factor, C, and C,  arethe values of [ift coefficient
min

and the minimum drag coefficient at the vertex of the pnelllrnabolic or nearly parabolic relationship of lift
coefficient as a function of drag coefficient (that is, the drag polar), which does not necessarily occur at
zero lift. This condition exists for five of the seven vehicles considered in this study. Both lift-related
drag factors, ACL/ ACL2 and ¢, represent lift coefficients extending to greater than that required to

obtain maximum lift-to-drag ratio.

Maximum Lift-to-Drag Ratio

The maximum lift-to-drag ratio, (L/ D), @hieved by each of the subject vehicles at subsonic
speeds is presented as a function of b2/ A,,- Thisform of aspect ratio is referred to as the “ wetted aspect
ratio” (ref. 34). This presentation includes a reference framework consisting of a family of curves
representing constant values of equivalent skin-friction coefficient or equivalent viscous drag coefficient,

Cp , which is a form of minimum drag coefficient, C  (which includes both forebody and base
e n

mi

drag). Thus, if
D._.
_ “min
CI:)min a C]S (7)
then
— S
CI:e B CDmin AW (8)

Although CFe is caled the “equivalent skin-friction coefficient,” the important word is
“equivalent” because CFe is composed of base drag, separation losses, interference drag, protuberance
drag, and other losses in addition to skin friction. The family of reference curves is analogous to that
employed by Stinton (ref. 35), and the curves are defined by the following often-used expression from
Loftin (ref. 36):

_ 1 | mAs

min
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Minimum Drag of the Vehicle

Minimum drag is considered in several formats. If the lift coefficient and drag coefficient are based
on vehicle planform reference area, the minimum drag coefficient can be defined as in equation (7). The
discussion on maximum lift-to-drag ratio also revealed that another metric for minimum drag coefficient
is the equivalent skin-friction coefficient (eqg. (8)), which is obtained by basing the minimum drag
coefficient on the wetted area, A, . The wetted areafor each vehicleis considered to be the wetted area of
the respective forebody, which includes the body and wings or fins, and thusis the sum of all outer mold-
line surfaces ahead of an associated base or trailing edge.

Another format for comparing minimum drag for various configurations is the equivalent parasite
drag area, f. This metric is related to equation (7) but eliminates controversy regarding the choice of
reference area by being defined as follows:

f=Cy S=-—D22C (10)

Use of equivalent skin-friction coefficient, C- (eg.(8)), and equivalent parasite drag area,
e
f (eg. (10)), iscommon among aircraft designers. An early example of their useisgiven in reference 37.

Minimum drag has been represented as CDmin , Where the reference areais the vehicle planform area,
S which is sometimes defined subjectively; CFe’ where the reference area is the forebody wetted area,
A,,» Which can be defined objectively and accurately; or as f, where reference area is eliminated as a
factor. Despite any confusion that might result from such names as “ equivalent skin-friction coefficient”
and “equivalent parasite drag area” (which have been commonly used for many years), each of the
metrics presented above for minimum drag should be understood to include all losses caused by the
forebody (that is, body plusfins, protuberances, control surfaces, and, if applicable, wings) as well asthe

drag caused by all base surfaces. Mathematically speaking, the following exists:

CDmin - CDfore, S+ CDbE (11)
and
A, 5
CFe - CI:e, fore+ CDb A_W (1 )
where C is the forebody drag coefficient referenced to S, C Is the equivalent skin-friction
fore, S e, fore

coefficient caused by the forebody only, CDb is the coefficient of base drag, and A, isthe base area.
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Minimum Forebody Drag

Significant forebody drag losses exist in addition to the losses caused by skin friction. One method to
guantify the sum of these losses is to compare the measured minimum drag of a vehicle with the sum of
the measured base drag and the calculated skin-friction drag for completely attached, turbulent,
boundary-layer flow. The difference that results from this comparison represents losses from multiple
sources, which are designated “excess forebody drag.” The calculated, idealized sum of the base drag and
skin-friction drag for each vehicle is obtained from the following:

Ay
Cp = Cp+ ‘Cpb‘A_W c (13)

e

where C isthe turbulent boundary-layer skin-friction coefficient (calculated) of the forebody and cisa
base pressure profile factor.

The vaues of C, representing idealized forebody losses, have been calculated for each of the
vehicles at the various flight conditions; adjusted for compressibility effects by the reference temperature
method as applied by Peterson (ref. 38); and adjusted for form factor (three-dimensionality) by the
coefficient, 1.02, as recommended for conical flow (ref. 39). The value of Cr used to calculate the
reference curves presented herein is 0.0023, which is the average value of C for the various vehicles at
the flight conditions reported herein. The constant, ¢ = 0.92, is a base pressure profile factor that will be
explained in the following section.

Base Pressure Profile Factor

A common practice by wind-tunnel and flight experimenters has been to define a base drag
coefficient increment as

_ Ap
Co, = [Cp) 5 (14)

where the base pressure coefficient, CPb , Isobtained from afew scattered pressure measurements within
the confines of the base surface. Thus, equation (14) is based on the assumption that the base pressure
profile (consisting of the average of the pressures measured within a specific base region) was flat to the
very edge of the base. However, the pressure profile is known to be somewhat rounded along the edges.
Nevertheless, the flat profile approximation was usualy used, mainly because making the numerous
measurements required to define the profile was not practical. The factor ¢ is used here to account for the
rounded edges of the pressure profiles.

For example, the base drag increments for the X-15 vehicle (ref. 21) are derived from the base
pressure data (ref. 40) using the flat profile assumption. When the resulting “flat profile” base drag
increment is subtracted from the total zero-lift drag, however, the resulting forebody drag coefficient,
based on wetted area, is approximately 0.0011 for Mach 0.65. For forebody drag, thisincrement is clearly
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too small, being only approximately one-half of what the turbulent boundary-layer skin-friction
coefficient should be for the given flight conditions.

The X-15 flight experience had shown that no significant regions of laminar flow existed. Considering,
therefore, overall turbulent flow for surfaces ahead of each base element and accounting for the skin
temperature at subsonic speeds following coast-down from hypersonic speeds (refs. 41-43), the friction
drag component has been calculated for the Mach numbers and Reynolds numbers of interest here
(refs. 38—39). The drag of the blunt leading edges and the several protuberances that were exposed to the
flow at subsonic speeds was estimated using guidelines from reference 31. The resultant—more
realistic—forebody drag is the sum of the friction drag, the leading-edge drag, and the protuberance drag
for low-lift coefficients. The more correct base drag coefficient can now be defined as

Cp, = Cp,~C (15)

b Dfore, S

where each factor is based on reference area, S and CDb is representative of the real (natural) base
pressure profile. The former base drag coefficient, based on an assumed flat base pressure profile, is now
designated as CDb* .

From these analyses, a base pressure profile factor, ¢, can be defined as

C

Dy,
c= —2 =002 (16)
CD
b

This constant, c, is the same constant that appears in equation (13) for calculating the base drag
component of CFe’ as used in the description of excess forebody drag. How well this profile factor
represents the other vehiclesis not known, but ¢ = 0.92 was used to calculate the base drag of al of the
vehicles because it is the only profile factor known to be available for full-scale vehicles. The X-15
configuration serves as a nearly ideal vehicle for defining the base pressure profile factor by the means
described because of its known overwhelmingly turbulent boundary layer, the small projected boattail
area, and the precisely defined base area that does not change with variations in longitudinal control
deflection. In contrast, for most of the lifting-body vehicles, longitudinal control variations can cause
significant changes in base area.

Base Pressur e Coefficients

Flight-measured base pressure coefficients;, base pressure coefficients derived from published
incremental drag attributed to the base; and estimated base pressure coefficients derived from those of a
closely related, afterbody-base configuration are compared with two analytical equations developed by
Hoerner (ref. 31). These equations were derived from wind-tunnel experiments of small-scale models.
Hoerner’ s equation for three-dimensional axisymmetric bodies of revolution is as follows:
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C,= —K (17)

p =
b JC
Dfore, b

where K = 0.029. Hoerner’ s equation for quasi-two-dimensional base flow conditions that generate the
well-known Karman vortex street is:

o - 0135 18)

3c
Dfore, b

Lift and Drag Coefficients

The flight-measured |ift and drag coefficients (C; and Cp) for al seven vehicles were obtained by
the accelerometer method (refs. 44 and 45). The relationships for unpowered, gliding flight are:

_ . W
CL = (a,cosa+ alsmu)q—S (19

Cp = (a,sina -4 cosm)qwS (20)

where a,, and a, arethe normal and longitudinal accelerations, a isthe angle of attack, Wisthe vehicle
weight, q isthe free-stream dynamic pressure, and S isthe reference area.

DATA UNCERTAINTY

The accurate definition of lift and drag characteristics from flight data requires high-quality sensors
and careful attention to detail in sensor calibration and use. In general, lift-and-drag determination is most
sensitive to error in the measurement of thrust, longitudinal and normal acceleration, angle of attack,
static pressure, Mach number, vehicle weight, and an accounting of control deflections. For the seven
vehicles considered herein, thrust is not a factor because the data were obtained during coasting flight;
thus, amajor source of uncertainty is avoided. Some of the problems associated with the measurement of
these quantities, and their relative importance, are discussed in reference 45.

Uncertainty information has been published for four of the subject aircraft: the M2-F1, M2-F2,
HL-10, and X-15 vehicles. For the three lifting bodies, the sources provide estimated measurement errors
from sensors (that is, the standard deviation) and the contribution of individual sensorsto errorin C, and
Cp - Then the combined contribution of the sensorsto uncertainty of C, and C, isgiven in the form of
the square root of the sum of the errors squared (refs. 10, 12, and 13). References 21 and 40 provide
errors for the X-15 aircraft for Mach numbers higher than those considered herein. Uncertainty in C
and Cp for the X-15 aircraft therefore has been prepared based on unpublished data and through
adjustments to the errors shown in references 21 and 40 for the effects of Mach number and dynamic
pressure. Uncertainty in base pressure coefficient is available only for the M2-F1 and X-15 vehicles.
Table 1 shows the uncertainties that are available from these four vehicles.
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Table 1. Data uncertainties.

AC, /7C,, ACLH/Cp, ACPb/CPb,

Vehicle percent percent percent
M2-F1 +3.0 55 7.0
M2-F2 +1.7 +3.2 Not available
HL-10 +3.2 +3.9 Not available
X-15 4.3 +3.9 6.4

These uncertainties represent the square root of the sum of the squares for each of these coefficients
when plotted as individual data points. Because these coefficients (as used in this report) are obtained
from curves faired through numerous data points, the uncertainty of the coefficients resulting from faired
data and other metrics should be smaller than those shown in table 1.

Corresponding uncertainties are not available for the X-24A and X-24B lifting bodies and the Space
Shuttle Enterprise; however, airdata system calibration procedures similar to those used on the other four
vehicles are known to have been used on these three. In addition, lift and drag were obtained by the
accelerometer method for all seven vehicles. Although table 1 cannot be established as representing the
uncertainties for the latter three vehicles, expecting their uncertainties to be relatively close to those listed
IS not unreasonable.

RESULTSAND DISCUSSION

The primary results of the current study are presented and discussed under four subheadings:
“Lift-Curve Slope,” “Lift-Related Drag,” “Lift-to-Drag Ratio,” and several metrics of “Minimum Drag.”
Formatsfor collectively presenting the data were chosen in the hope that one or more formats will yield a
greater understanding of the data than would likely occur by individually studying the subject vehicles.

The aerodynamic performance metrics mentioned above, as applied to the subject vehicles, primarily
have been reported in reference 46. Some of the metrics considered in reference 46 are examined in
greater detail in thisreport, and the increment of drag caused by landing gear deployment has been added.
In addition, appendix A provides authentic copies of the “root-source” plots of drag polars and lift-curve
slopes from which the analyses contained herein were performed (refs. 10, 12-15, 21, and 23). These
copies are presented, despite their nonuniform formats, so that readers can easily refer to the same root
sources that were used herein and thereby challenge or verify the authors' interpretation of the basic data.

Appendix B provides an alternate presentation of the root-source data in appendix A. For user
convenience, the root-source data of appendix A were electronically scanned and replotted using a
consistent set of formats for al seven vehicles and their various configurations. The data in appendix B
are not root-source data, but are only based on root-source data, with small (athough generaly
negligible) differences caused by transmission variations during fairing, tracing, scanning, and replotting
of the root-source data.
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To compare representative aerodynamic data between vehicles, appendix C presents a consistent set
of basic lift and drag plots in which one flight condition or configuration of each of the seven vehiclesis
represented on each plot. Only one flight condition or configuration of each vehicleisused in appendix C
(that is, seven curves for each plot, one curve for each vehicle) to clarify and ssmplify comparison.

Appendix D provides flight data and supporting references that are important for understanding the
contributions of fuselage forebody lift to the total lift of a winged vehicle. Appendix E is a reproduction
of previously unpublished base pressure data from the M2-F3 vehicle, and appendix F outlines the
procedure used for estimating base pressure coefficients for the X-24A and X-24B vehicles at Mach
numbers less than 0.8.

Lift-Curve Slope

This section attempts to unify the lift capabilities of the seven flight vehicles previously discussed.
The lift-curve slope data for subsonic flight of these vehicles have been assembled from references 10,
12-15, 21, and 23. Data were obtained during gradual pushover/pullup maneuvers (consequently
trimmed for the respective maneuvers) over a range of lift coefficients extending to somewhat greater
than that required to achieve the maximum lift-to-drag ratio. These data are compared to generic wind-
tunnel model data and to theory for very low and moderately low aspect ratios. Figure 1 shows three-
view drawings of each of the seven vehicles and the M2-F3 lifting body. Schematic illustrations of
control surfaces whose deflections influence base area are also shown for four lifting bodies (fig. 1(i)).

Table 2 shows the data to be considered as derived from their respective references. The CLa and
aspect-ratio values shown first are subject to the values of the reference area that were used in the various
referenced documents. Use of the appropriate reference area and the actual tip-to-tip span is important
towards achieving understanding of how the lifting characteristics of the various configurations relate to
each other, to wind-tunnel datafor generic models, and to theory.

Figure 2(a) shows the lift-curve slope data (the solid symbols) as published in the respective
references plotted as functions of aspect ratio for five of the seven vehicles. Figure 2(a) also shows the
relationships of CLa to aspect ratio as defined by Helmbold (eg. (1)) and, for the lowest aspect ratios, the
linear relationship of Jones (eg. (2)). Neither of these relationships accounts for lift from crossflow over
the bodies or from vortices generated by sharp, highly-swept leading edges. Stated another way,
equations (1) and (2) apply where the flow does not separate from leading or swept lateral edges (that is,
these equations represent lift generated by circulation).

The lift-curve slopes for each of the flight vehicles were expected to occur below the Jones and
Helmbold relationships, which represent maximum efficiency for medium- or low-aspect-ratio
configurations that obtain their lift from circulation. However, the results from both M2 vehicles and the
X-24A vehicle, as shown by the solid symbolsin figure 2(a), considerably exceed these expectations. The
X-15 solid-symbol lift-curve slope also greatly exceeds the Helmbold relationship. These comparisons of
lift-curve slope data to the Jones and Helmbold expressions raise at least four questions:
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Table 2. Lift-curve slope data.

As published Revised
oat
Configuration S, b, “Lo Y s b, ‘Lo G C =0,
Vehicle M remarks 2 ft A deg! radl {2 ft A degl radl  deg
M2-F1 015  Exposed gear 1390 950 0.649 00225 1289 1524 1417 1318 00205 1.175 -7.89
M2-F2 0.45 d,; = —-115° 1390 995 0712 00217 1243 1600 995 0619 00189 1.083 -9.00
0.62 d,; = —-115° 1390 995 0712 00216 1238 1600 995 0619 00188 1076 -9.68
HL-10 0.60 Oy = 0.0° 160.0 13.60 1.156 0.0230 1.318 (160.0) (13.60) (1.156) (0.0230) (1.318) 2.93
0.60 Oy = —3.0°  160.0 13.60 1.156 0.0210 1.203 (160.0) (13.60) (1.156) (0.0210) (1.203) 3.68
0.60 O = —30.0° 160.0 13.60 1.156 0.0200 1.146 (160.0) (13.60) (1.156) (0.0200) (1.146) 2.40
X-24A 050 dLg = 0.0° 162.0 10.00 0.617 00239 1.369 1950 13.63 0.953 00199 1.138 -3.86
050  dUz =-13.0° 1620 10.00 0617 00263 1507 1950 1363 0.953 00218 1252 -2.34
050  3Ug =-21.0° 1620 1000 0617 00220 1261 1950 13.63 0953 00183 1.047 -3.28
X-248 050  sU, =-130° 3305 19.14 1108 0.0217 1.243 (330.5) (19.14) (1.108) (0.0217) (1.243)  1.50
050  3dUg =-20° 3305 1914 1108 0.0217 1.243 (330.5) (19.14) (1.108) (0.0217) (1.243)  1.05
0.60 dUg = —20° 3305 19.14 1.108 0.0188 1.076 (330.5) (19.14) (1.108) (0.0188) (1.076) —0.48
X-15 065 A,c/4, =256° 2000 2236 2500 00649 3719 307.0 2236 1629 00423 2423 0.75
072 A,c/4, =256° 2000 2236 2500 00662 3793 307.0 2236 1629 00431 2471 1.02
Enterprise 040 A,c/4, =36.0° 26900 7807 2266 00446° 2556 38160 7807 1597 00314 1799 -0.45
050 A,c/4, =36.0° 26900 7807 2266 00437 2504 38160 78.07 1597 0.0308 1765 -0.30

"The lift-curve slope at Mach 0.4 with the tailcone on is 0.0449 deg™ for S' = 2690 ft2.
Parentheses indicate that revision was not required for these two vehicles.



» Towhat extent is reference area afactor that contributes to the apparent anomalies?

* Do wind-tunnel data exist for very low—aspect—ratio models that would support or refute the
lifting-body slopes that exceed the Jones expression?

» Towhat extent are compressibility effects afactor contributing to the apparent anomalies?
* Towhat extent is sweep angle afactor for the two winged vehicles?

These questions have been addressed, and some of the results are represented by the open symbolsin
figure 2(a). Representative reference areas have been assigned for five of the seven vehicles; the other
two vehicles were already assigned representative reference areas, as published. Table 2 shows the
revised reference areas and the resulting lift-curve slopes. Figure 2(a) also shows wind-tunnel results for
low-aspect-ratio models (refs. 47-48).

The five vehicles for which reference areas were revised were those whose previously published
reference areas did not accurately reflect the total planform area (projected onto the longitudinal-lateral
plane), but were simply the commonly accepted value in conventional use during the specific flight
program. For the M2-F1 vehicle, the value of S' = 139 2 formerly was used (ref. 10), which is the
planform area of the lifting body itself. However, the elevons that lateraly extend beyond the body
increase the span by approximately 4.7 ft and represent 13.4 ft? of additional area. To qualitatively
determine its contribution to the lift of the M2-F1 vehicle, the elevon planform area should be included in
the reference area and accounted for in the definitions of force coefficients and aspect ratio. Similarly, for
the M2-F2 and the X-24A data (the open symbols), actua projected planform areas as defined in
references 12, 49, and 50 have been applied instead of the conventional program values that were used in
references 12 and 14.

As figure 2(a) shows for the M2-F2 vehicle, the revised data still show the lift-curve slope, CLo( :
greater than the relationships of Jones and Helmbold for low aspect ratios. However, application of
the revised (more representative) reference areas causes the data for the M2-F1 and the X-24A
vehicles to fall below the theoretical relationships of equations (1) and (2). A literature search for
the lifting characteristics of model shapes having aspect ratios less than 1.0 reveals that such
elevated lift-curve slopes as shown for the M2-F2 vehicle may be expected. Results from
wind-tunnel tests (shown in figure 2(a) as open right triangles) represent slender half-cone (ref. 47)
and elliptical cone (ref. 48) shapes.

Thereason that the M 2-F2 vehicle and the slender model shapes (that is, those having aspect ratios less
than 1.0) have relatively high lift-curve slopes may be related to well-devel oped forebody vortices caused
by crossflow asreported by Allen and Perkins (ref. 29) and Hoerner (refs. 30—31). Because the model data
(refs. 47-48) were untrimmed, their lift-curve slopes were expected to be optimistic. The half-cone shapes,
having lateral edgeswith asmall radius, were expected to produce vortex lift. However, the elliptical cone
shape with the most slender planform (the lowest aspect ratio) also has ahigh slope compared to potential
theory. Thus, the conjecture that well-developed vortices (resulting from body crossflow) may provide an
extra component of lift is afforded credence even if sharp lateral edges are absent.

Because of this evidence that crossflow (counter-rotating vortex pair) effects may significantly
contribute to the lift of the slender forebody portions of lifting bodies, considering that the forebodies of
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the X-15 aircraft and the Enterprise may likewise generate significant amounts of crossflow lift is
appropriate. For these winged vehicles, therefore, the forebody planform area and the wing area projected
to the vehicle centerline will now be considered to be the reference area. Perhaps the most direct evidence
supporting this definition for reference area (regarding lift coefficient or the lift-curve slope) is provided
by comparing slopes for the Enterprise with the blunt base and with the tailcone (ref. 23). These lift-
curve slopes are listed for Mach 0.4 and with S asthe reference areain table 2 and as a footnote to table
2 for the blunt configuration and the tailcone configuration, respectively. Note that the tailcone was
ineffective in providing lift and represented a weight penalty of approximately 5900 Ib. The failure of the
tailcone to generate lift combined with the fact that the tailcone planform areais primarily aft of the wing
trailing-edge station (fig. 1(h)) is in accord with the proposed definition for reference area. Additional
information related to this subject is included as a footnote® and in appendix D. The reduction in drag
provided by the tailcone isincluded in following sections.

The consequences of the revised reference areas for the X-15 aircraft and the Enterprise are
represented in figure 2(a) by the respective open symbols. The revisions of reference areaand aspect ratio
affect the subject data for all vehicles except the HL-10 and X-24B vehicles, both of which already had
proper, representative, reference areas as published. Note that a substantial reduction in lift-curve slope
exists for the X-15 aircraft and the Enterprise in figure 2(a) when solid symbols are compared with open
symbols (that is, lift-curve slope is reduced when the more representative reference area is used). Note
also that when the area and span effects of the M2-F1 elevons are applied, the datum shifts to a much
higher aspect ratio and below the Helmbold curve. In addition, the X-24A data are no longer greater than
the theoretical curves, because of revision of area and span dimensions compared to the values originally
used.

As noted earlier, the lift-curve slope data from the half-cone (ref. 47) and élliptical cone (ref. 48)
models tend to confirm the M2-F2 flight results, which exceed the Jones relationship. The values for the
elliptical cone models at aspect ratios greater than 1, however, have lift-curve slopes that are significantly
lower than both the Helmbold and Jones relationships (egs. (1) and (2), respectively). For the eliptical
cone shapes having the highest aspect ratios (that is, clearly nonslender), a lift component caused by
circulation dominates and some degree of crossflow additionally exists; whereas at the lowest aspect
ratios, the crossflow component of lift is more dominant (refs. 30-31).

Regarding compressibility effects, table 2 shows that the lift-curve slope data obtained from the
vehicles represent a range of subsonic Mach numbers. Compressibility effects may be approximately
accounted for by applying the often-used Prandtl-Glauert factor, (1 —M 2)0'5 . Both Gothert (ref. 51) and
Hoerner (ref. 30) believe that for the low aspect ratios, the exponent nin (1 — MZ)n should be less than
0.5. Nevertheless, compressibility effects are approximated here by use of the more common exponent of
0.5. Figure 2(b) shows the lift-curve slopes from figure 2(a) for the seven vehicles, based on the more

SBecause the revisions of reference area for the X-15 and Space Shuttle vehicles are a departure from convention, and
because two separate concepts are involved, additional discussion and supporting data are justified. Inclusion of the forebody
planform area with the wing-panel area is justified in part on the basis of the crossflow lift experienced by lifting bodies
(ref. 29-31; 47-48). In addition, appendix D presents fuselage normal force data obtained in flight from two aircraft that
establish that fuselage lift is significant. The second concept, which rejects fuselage planform area aft of the wing trailing edge
for inclusion as reference area, conforms to reference 27 (pgs. 59 and 63), which postulates that for pointed shapes, “ sections
behind the section of maximum width develop no lift.” This theory, the lack of tailcone-lift effectiveness observed from the
Enterprise, and flight data from the X-1 airplane shown in appendix D, all taken together, congtitute the rationale for this
second concept.
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representative reference area and adjusted for compressibility effects. The purpose here is to show that,
for the vehicles having data at two Mach numbers (the M2-F2, X-24B, and the X-15 vehicles and the
Enterprise), accounting for compressibility effects places the affected data approximately in alignment
with the relationships of equations (1) and (2).

This example of realignment of data in accord with compressibility effects suggests that it would be
appropriate to also consider aformat such as developed by Diederich (ref. 52), which was formulated as a
means to correlate the lifting characteristics of finite-span wings approximating the effects of aspect ratio,
wing sweep, and Mach number for subcritica Mach numbers. Hoerner, in reference 30, chapter 15,
provides a ssimplified version of Diederich’s formulation. This simplified format has been applied to the
subject vehicles, and figure 2(c) shows the resullts.

Whether |eading-edge or quarter-chord angle of sweep should be applied in the calculation of the lift-
curve slope and planform parameters, LC and F, is arguable. Hoerner uses what he calls “the effective
angle of sweep,” which approximates the effect of a wing neutral angle (the sweep angle for a given
aspect ratio where the lift-curve slope would be maximized) occurring at a modest sweep of positive
value.™ In figure 2(c), the effects of sweep angle are only considered for the X-15 and Enterprise
vehicles, the two winged vehicles. Both the “effective” sweep angle and that of the quarter chord have
been used herein. Application of the quarter-chord sweep angle clearly elevates the X-15 and Enterprise
values of parameter LC relative to the “effective angle of sweep” and the family of curves representing
Helmbold's equation. The lowest values of parameters LC for the HL-10, X-24A and X-24B vehicles
represent longitudinal control deflections that form a large “wedge angle,” or flared afterbody, that also
increases the base area. Thus, these large wedge angles represent the transonic control modes and
therefore are nonoptimum configurations for subsonic flight. The level of the highest slopes for the
HL-10 and the X-24B vehicles exceed 70 percent of the Helmbold curve transformed to accommodate
the respective axis parameters of figure 2(c). The highest value of LC for the X-24A low wedge angle
during subsonic flight is approximately 85 percent of Helmbold's transformed relationship. The
corresponding Enterprise values vary from 80 percent to approximately 85 percent of the theoretical
curve, depending on the definition of sweep angle; and the X-15 data are above the Helmbold boundary.

Sweep angle was not considered in calculating the parameters for the lifting bodies. The rationale for
this decision partly arises from the fact that the X-15 and Enterprise vehicles have forebodies related to
lifting-body planforms. Of course, wing sweep and not forebody sweep was assigned to the former
vehicles for the presentation of figure 2(c). In addition, as figure 3 shows, the effects of wing sweep are
drastically diminished at low aspect ratios representative of lifting bodies (ref. 53). Note that the authors
of references 30 and 52 did not intend that the Diederich derivation should be used for lifting bodies. The
formulation, however, was intended to include very low—aspect—atio wings. The |ow-aspect-ratio
vehicles considered herein, the wind-tunnel data for slender-body shapes in references 4748, and
references 30-31 al indicate that slender bodies and low-aspect-ratio wings each experience various
combinations of crossflow vortex lift and circulation lift. On this basis, the decision was made to include
a form of the Diederich formulation as a tool to relate lifting characteristics of the various vehicles to
theory.

The major factor that contributed to greater order for the lift-curve slope data developed in figure 2
was the application of the more representative reference areas and application of actual tip-to-tip span for

TThat is, thewing neutral angle occurs at amodest value of aft sweep, between 5° and 10° according to references 30 and 31.

20



calculating aspect ratio. Adjustment of the data for compressibility effects and wing sweep angle had less
influence for the vehicles considered here. Together, these factors did not provide an impressive
coalescence of the flight results; however, that casually chosen reference areas can confound
understanding and result in misleading conclusions has been established. Also of interest, based on the
M2-F2 data and the slender-body data from references 47 and 48, is that a very low—aspect—ratio lifting
reentry vehicle may have alift-curve slope somewhat greater than the Jones relationship. This possibility
is also supported by data and reasoning contained in references 28-31.

Lift-Related Drag

The data array of lift-related drag characteristics for the subject vehicles uses a format employed by
Hoerner in chapter 7 of reference 31. Figure 4 shows these data as drag-due-to-lift factor (ACLH/AC, ™)
plotted as afunction of the reciprocal of aspect ratio (1/A). Included as a reference framework is afamily
of lines representing the theoretical relationship for an ideal elliptical span loading, wherein € = 1.0,
and for significantly less optimal load distributions represented by € < 1.0 (refs. 31 and 32), which are
expected for the vehicles reported here.

The derivation of drag-due-to-lift factor and lifting-efficiency factor normally would include
obtaining ACD/ACL2 from their linear relationship, and deriving € from Oswald’s equation for a polar
plot of C, asafunction of C in which the minimum drag is at zero lift (eqg. (5)). For several of the
subject vehicles, however, the minimum drag did not occur at zero lift. For these vehicles, their polars
were displaced, and CDmin occurred at a nonzero lift coefficient defined as Cme, which is the lift
coefficient at the vertex of the parabolic (or nearly parabolic) polar. A transformation (eg. (6)) is
proposed by Wendt (ref. 33) that accounts for the displacement of the vertex for polars of thistype.

Application of Wendt's transformation should be straightforward enough; however, for some
low-aspect-ratio vehicles, analysis of the available flight data still presents a challenge. L ow-aspect-ratio
vehicles often have polars that are quite shallow—that is, the vertex, where minimum drag coefficient
occurs on the parabo